Single molecules and groups of two or three ferritin molecules were subjected to electron probe x-ray microanalysis in a transmission electron microscope equipped with a liquid nitrogen cooled stage. Significant Fe Ka peaks were generated during 100-sec counts when single ferritin molecules were excited with a probe current of 0.35 nA/60 nm spot, less than the maximal current available in a thermionic gun. There was a linear relationship between the number of ferritin molecules analyzed and count rates. The experimental results are compared to the theoretically calculated Fe KI yields and to the results of Isaacson and Johnson [(1975) To realize the optimal minimal detectable mass attainable with this system it is essential to reduce to a minimum the background radiation (x-ray continuum) generated by extraneous sources. Contamination, the major source of extraneous continuum with small diameter (50 nm or less) probes in our system, can be eliminated or at least substantially reduced by operating at low temperatures (10). Therefore, the suspensions of ferritin molecules placed on thin (about 4 nm) carbon films were analyzed at -110°, using a Philips liquid nitrogen cooled specimen stage modified to permit the exit of generated x-rays towards the detector. Analysis at even lower temperatures was not feasible due to icing of the specimen. The stage drift of 1.5 nm/sec (specified by the manufacturer) is evident in the electron micrographs obtained and required continuous vigilance by the operator for maintaining the ferritin target in the center of the probe. RESULTS Electron micrographs of a single ferritin molecule before and after electron probe x-ray microanalysis with 60 nm diameter probe for 100 sec and of a group of three molecules are shown in Fig. 1 . The hole formed in the carbon support is evidence of the continuous mass loss under the electron beam even at this low temperature. It may be possible to reduce or eliminate mass loss, at comparable current densities, by operating at liquid He temperatures (11) or by using lower current densities (ref. 12; Shuman and Somlyo, unpublished observations). The x-ray spectra obtained from a single ferritin molecule and from a group of three are shown in Fig. 2 , and the results of analyses of 1, 2, and 3 ferritin molecules are shown in Table 1 . The latter shows the linear increase in Fe Kaf count rate with the number of ferritin molecules analyzed.
probe x-ray analysis can realize the theoretically predicted sensitivity of the method, and estimate 0.9 X 10-1 g of Fe as the minimal mass detectable with maximal (thermionic) probe current during a 100-sec count and with 95% confidence.
Electron probe analysis combined with cryoultramicrotomy permits the analysis of cell constituents (Z 2 11) with a spatial resolution and sensitivity unavailable through conventional techniques (1, 2) . It has been shown that it is feasible to detect with commercially available instruments calcium and other cations in single (50-80 nm diameter) mitochondrial granules (3, 4) . Some years ago Hall (5) To realize the optimal minimal detectable mass attainable with this system it is essential to reduce to a minimum the background radiation (x-ray continuum) generated by extraneous sources. Contamination, the major source of extraneous continuum with small diameter (50 nm or less) probes in our system, can be eliminated or at least substantially reduced by operating at low temperatures (10) . Therefore, the suspensions of ferritin molecules placed on thin (about 4 nm) carbon films were analyzed at -110°, using a Philips liquid nitrogen cooled specimen stage modified to permit the exit of generated x-rays towards the detector. Analysis at even lower temperatures was not feasible due to icing of the specimen. The stage drift of 1.5 nm/sec (specified by the manufacturer) is evident in the electron micrographs obtained and required continuous vigilance by the operator for maintaining the ferritin target in the center of the probe. RESULTS Electron micrographs of a single ferritin molecule before and after electron probe x-ray microanalysis with 60 nm diameter probe for 100 sec and of a group of three molecules are shown in Fig. 1 . The hole formed in the carbon support is evidence of the continuous mass loss under the electron beam even at this low temperature. It may be possible to reduce or eliminate mass loss, at comparable current densities, by operating at liquid He temperatures (11) or by using lower current densities (ref. 12; Shuman and Somlyo, unpublished observations). The x-ray spectra obtained from a single ferritin molecule and from a group of three are shown in Fig. 2 , and the results of analyses of 1, 2, and 3 ferritin molecules are shown in Table 1 . The latter shows the linear increase in Fe Kaf count rate with the number of ferritin molecules analyzed.
The theoretical count rate can be estimated from the x-ray production cross section, absolute detector efficiency, and measured probe current. The data in Table 1 were obtained with a measured probe current of 0.35 nA in a 60 nm diameter probe. The average current density is J = 6.2 A/cm2 and, assuming a gaussian probe, the current density at the center of the probe is Jo = 12.5 A/cm2. The x-ray production cross section is composed of two factors, the ionization cross section q and the x-ray yield w. For Fe K x-rays, w = 0.347 and q = 3.95 X 10-22 cm2 from Durup and Platzman's expression (7, 13) for ionization cross section. The predicted count rate, I = wqcJ0 (electrons/cm2-sec) is, where e = 0.005, the detector efficiency ID&P = 5.3 X 10-counts/sec-atom. (14) and described by Shuman and Somlyo (10) , an isolated peak with 25 counts can be analyzed with an error of I 12 counts (i.e., 95% confidence level). For a 100 sec collection time and the experimental conditions described, the minimum detectable mass is therefore about 2.3 X 10-19 g; using the maximum available probe current of 1.0 nA in a 60 nm probe, the minimum detectable mass should be reduced to 0.9 X 10-19 g. DISCUSSION Our results show that, as with characteristic energy loss analysis with a field emission source (6), it is also feasible to detect the iron core of a single ferritin molecule with electron probe x-ray microanalysis and using a thermionic source. Thus, present "state of the art" electron probe instrumentation, with some modifications, can realize the best sensitivity theoretically anticipated by Hall (5), and further improvements would have to come from the use of higher brightness (e.g., field emission) sources. In this regard our experience, showing significant mass loss even when using submaximal current densities available from a conventional gun and at low temperatures, suggests the desirability of using special stages at liquid helium temperatures and a high vacuum microscope to eliminate water vapor and icing. Optimization of the geometrical efficiency of the energy dispersive x-ray detectors, probably most likely to be obtained through multiplexing of several detectors, would seem to be the second feasible approach for improving the sensitivity of electron probe x-ray analysis.
According to the present results, electron probe x-ray analysis is as sensitive as characteristic energy loss analysis for the detection of the minimal mass of medium Z (i.e., Fe) Proc. Nat. Acad. Sci. USA 73 (1976) 1195 elements. Defining the minimal detectable mass as the amount of Fe detectable during a 100 sec count with the maximum emission current available with our thermionic source with 95% confidence, we find this to be 0.9 X 10-19 g.* With decreasing atomic number the advantages of electron energy loss analysis should be greater (6), although there may be some degradation of signal to noise by multiple inelastic scattering due to difficulties in preparing sufficiently thin biological specimens. The detection of several elements through characteristic electron energy loss analysis can also be time comsuming since, with current instrumentation, each energy band has to be scanned separately (6) . We anticipate that the most sensitive and practical detection system for the entire range of "biological Z" elements will consist of an instrument equipped with both electron energy analyzer and energy dispersive x-ray detector in which spec- 
